**Core tip:** Our study contributes to a better understanding of the dextran sulfate sodium (DSS) acute colitis model in order to provide a stronger basis for novel therapies. Colonic proteomic temporal analysis reveals an increase in cytokines with a strong influx of immune cells. The highest cytokine levels were observed when animals were no longer drinking DSS, suggesting a rebound response. Secondary lymphoid organs contribute by sending different immune cells to the colon during the acute phase, such as CD4^+^, CD8^+^ and CD25^+^ T cells. Our results demonstrate involvement of the adaptive and innate immune responses during the acute phase of DSS-induced colitis.

INTRODUCTION
============

Inflammatory bowel diseases (IBD) are chronic inflammatory diseases and consist mainly of ulcerative colitis (UC) and Crohn's disease (CD). UC usually presents with symptoms of diarrhea, weight loss, abdominal pain and blood in the stool and the development of IBD is associated with genetic, environmental and microbial factors\[[@B1],[@B2]\]. Despite the rapid rise of IBD in the United States (US) and Europe, even with the advent of biological therapies, there are no current treatments that will sustain remission. Numerous animal models, including the chemically inducible colitis model of dextran sulfate sodium (DSS), have been developed to understand the pathobiology of IBD and evaluate novel therapies\[[@B3]-[@B5]\]. When DSS is added to drinking water, mice develop colitis that can be modulated by altering the DSS concentration, molecular weight and microbiota\[[@B6],[@B7]\]. DSS primarily causes disruption of the intestinal barrier, allowing access of antigens and pro-inflammatory factors from the intestinal contents to the mucosal layer of the large bowel. Moreover, the exact mechanism has not been thoroughly elucidated\[[@B6],[@B8],[@B9]\]. Histological characteristics of DSS colitis includes the depletion of crypts, infiltration of neutrophils, ulceration and inflammation of the mucosal and submucosal layers\[[@B10]\]. Initial studies\[[@B11]\] suggested that human UC was predominantly associated with a Th2 immune response \[interleukin (IL)-5\], however it has been shown that other factors from Th1 \[tumor necrosis factor alpha (TNFα)\] and Th17 (IL-17, IL-23) profiles are also implicated in the development of the disease\[[@B12]-[@B15]\]. Although the DSS acute and chronic colitis models are not solely dependent on B and T cell responses, a complex interplay between innate and adaptive immune system occurs, in which neutrophils (N), eosinophils (E), macrophages (M), dendritic cells (DC), T cells and B cells participate in the exaggerated presentation of the disease\[[@B15]-[@B18]\].

Previous studies have individually investigated the clinical manifestations of DSS induced colitis with temporal proteomic, immune cells infiltration, histological changes in the colon and transcriptional genomics\[[@B9],[@B15],[@B16],[@B19]-[@B21]\]. In the current study, the relationship between daily clinical activities along with temporal molecular analysis, histological features and immune cell trafficking were investigated during the acute phase of DSS colitis, to further the understanding of the interaction of these factors in disease development.

MATERIALS AND METHODS
=====================

Animals
-------

The protocol was approved by the Animal Care and Use Committee at our institution. C57BL/6 female mice 6-8 wk old from Charles River Laboratories (Wilmington, MA, United States) were used for the experiments. Animals were housed in specific pathogen-free conditions with 12h-12h light-dark cycles under controlled humidity and temperature.

DSS colitis model
-----------------

Experimental acute colitis was induced by administration of 1%, 2% or 3% (wt/vol) DSS (36000-50000 Da - MP Biomedicals, Solon, OH, Unites States) in drinking water *ad libitum* for 7 d and euthanized at day 8. Control animals were allowed sterilized tap water *ad libitum*. For the time course analysis, mice received 3% DSS for 7 d and were euthanized on day 0, day 2, day 3, day 4, day 5, day 6 and day 8. Euthanasia was performed through isoflurane anesthesia followed by cervical dislocation for collection of biological samples.

Clinical activity
-----------------

Animals (*n* = 6/DSS group and *n* = 6/time point) were daily evaluated through disease activity index (DAI), as previously described\[[@B7],[@B22]\]. Table [1](#T1){ref-type="table"} contains the grading criteria used for the DSS colitis model. Briefly, animals were evaluated for weight loss (0-4), stool consistency (0-4) and blood in the stool (0-4), in which DAI reaches a maximum score of 12. After euthanasia at different time points, the entire colon was collected and cleaned with flushing PBS (Phosphate buffered saline) 1 ×. Colon was weighed, and the colon length was measured from the caecum to the anus. Spleen was weighted and further processed for flow cytometry analysis.

###### 

Disease activity index scoring

  **Score**   **Weight loss**   **Stool consistency**   **Bleeding**
  ----------- ----------------- ----------------------- -----------------
  0           None              Normal                  No bleeding
  1           1%-5%             \-                      \-
  2           5%-10%            Loose stools            Slight bleeding
  3           10%-15%           \-                      \-
  4           More than 15%     Watery diarrhea         Gross bleeding

Proteomics
----------

Colon samples from animals (*n* = 6/each time point) receiving 3% DSS were snap frozen and later homogenized for protein extraction. Briefly, frozen colon samples were processed in cell lysis buffer containing 150 mmol/L NaCl, 1 mmol/L EDTA, 20 mmol/L Tris-HCl and 0.05% Tween-20, with addition of protease inhibitor (Thermo Scientific, Waltham, MA, United States) and 1.0 mm Zyrconium Beads. Samples were centrifuged twice at 14000 r/min at 4 °C for 20 min and supernatant was collected. Aliquots were kept at -80 °C until further analysis. Samples were quantified through bicinchoninic acid assay (BCA - Thermo Scientific, Waltham, MA, United States) and diluted to a final concentration of 1 mg/mL of total protein. Colon homogenates were analyzed by MILLIPLEX Map Mouse Cytokine/Chemokine Panel (EMD Millipore, Billerica, MA, United States) using Bio-Plex 200 (Bio-Rad) according to manufacturer specifications.

Flow cytometry
--------------

Spleen and mesenteric lymph nodes (MLN) (*n* = 6/each time point) were collected and processed for flow cytometry analysis. Tissue samples were smashed between two frosted glass slides in the presence of ammonium-chloride-potassium lysing buffer (Lonza, Walkersville, MD, United States) until they were dissociated. PBS 1 × was added and samples were centrifuged at 1500 r/min at 4 °C for 10 min. Cells were re-suspended in PBS 1 ×, filtered through a 70 μm filter and centrifuged at 1500 r/min at 4 °C for 10 min. The pellet was incubated in 10% formalin for 35 min at 4 °C and washed in PBS 1 ×. Samples were kept at 4 °C until flow cytometry analysis. The single cell suspension was incubated with the proper amounts of antibodies in Stain Buffer (BD Pharmingen, San Jose, CA, United States) for 35 min on ice protected from light, following manufacturer instructions. Samples were loaded in a V-bottom 96-well plate and read in Accuri C6 Flow Cytometer (BD Biosciences, San Jose, CA, United States). Data were analyzed using Accuri C6 Flow Cytometer software. Immune cells were characterized for T helper cells (CD3^+^CD4^+^), T regulatory cells (CD3^+^CD4^+^CD25^+^), T cytotoxic cells (CD3^+^CD8^+^), B cells (B220^+^) and Macrophages (F4/80^+^). Antibodies used were FITC F4/80 (Rat, 0.5 mg/mL, eBioscience), PE CD25 (Rat, 0.2 mg/mL, BD Pharmingen), Alexa Fluor 488 B220 (Rat, 0.5 mg/mL, Biolegend), APC CD4 (Rat, 0.2 mg/mL, BD Pharmingen), FITC CD3 (Rat, 0.5 mg/mL, BD Pharmingen) and PE CD8a (Rat, 0.2 mg/mL, BD Pharmingen). Enriched F4/80^+^ and CD3^+^CD4^+^CD25^+^ populations were separated prior to flow cytometry analysis using Magnetic Cell Separation MicroBeads (MACS - Miltenyi Biotec, Bergisch Gladbach, Germany) following manufacturer instructions in CD4^+^CD25^+^ Regulatory T cell isolation kit and with F4/80 MicroBeads Ultrapure. There were collected 20000 events for each sample and results are presented as the mean ± SD percentage of the total number of cells. Isotypes were also analyzed for each antibody and sample. Flow cytometry gating can be found in Supplementary Figures 1 and 2.

Histological and immunohistochemistry evaluation
------------------------------------------------

For bright field microscopy, colon samples (*n* = 4/DSS group and *n* = 4/each time point) freshly collected from animals receiving 3% DSS were washed with PBS 1 ×, cut longitudinally and kept in 10% NBF (neutral buffered formalin) as a *Swiss roll* for 24 h at room temperature (RT). Tissue was kept in PBS 1 × until further processed into paraffin blocks. 3 μm sections were stained with Guills II hematoxylin and Eosin-Y (HE) for morphologic analysis. The histological evaluation was performed as previously described\[[@B7]\]. Briefly, the tissue was analyzed for grade of inflammation (0-3), extent within the intestine layers (0-3), regeneration (0-4), crypt damage (0-4) and percentage of involvement (0-4), reaching a maximum score of 56 (Table [2](#T2){ref-type="table"})\[[@B23]\]. Images were obtained on a Leica Aperio ScanScope CS using a 20 × air objective (NA = 0.75, Leica Microsystems, Buffalo Grove, IL, United States) and Aperio ImageScope software. HE staining was done on spleen and MLN using the same method as colon samples.

###### 

Histological scoring

  **Feature graded**    **Grade**                                **Description**
  --------------------- ---------------------------------------- ------------------
  Inflammation          0                                        None
  1                     Slight                                   
  2                     Moderate                                 
  3                     Severe                                   
  Extent                0                                        None
  1                     Mucosa                                   
  2                     Mucosa and submucosa                     
  3                     Transmural                               
  Regeneration          4                                        No tissue repair
  3                     Surface epithelium not intact            
  2                     Regeneration with crypt depletion        
  1                     Almost complete regeneration             
  0                     Complete regeneration or normal tissue   
  Crypt damage          0                                        None
  1                     Basal 1/3 damaged                        
  2                     Basal 2/3 damaged                        
  3                     Only surface epithelium intact           
  4                     Entire crypt and epithelium lost         
  Percent involvement   1                                        1%-25%
  2                     26%-50%                                  
  3                     51%-75%                                  
  4                     76%-100%                                 

For immunohistochemistry studies, FFPE (formalin fixed paraffin embedded) 3 μm colon and MLN samples (*n* = 4/each time point) were cut using a Leica Manual Microtome, mounted on adhesive slides, left at 20 °C overnight and then baked for 1 h at 65 °C the next day. Samples were incubated in antigen unmasking solution (citrate-based, pH = 6.0; Vector Laboratories, Burlingame, CA, United States) at 100 °C for 40 min and blocked with SuperBlock Blocking Buffer (Thermo Scientific, Waltham, MA, United States) for 20 min at RT. Primary antibodies CD4 (Rabbit, 0.623 mg/mL, Abcam), CD8 (Rabbit, 1 mg/mL, Abcam), F4/80 (Rabbit, 0.23 mg/mL, Novus Biologicals), B220 (Rat, 0.5 mg/mL, Invitrogen) and CD25 (Goat, 0.2 mg/mL, Invitrogen) were incubated at RT for 1 h. Samples were incubated with Peroxidazed 1 (BioCare Medical, Pacheco, CA, United States) for 5 min at RT, followed by incubation with the respective secondary HRP (Horseradish Peroxidase) antibody for 30 min at RT. Samples were incubated with Immpact DAB (3,3-diaminobendizine) Peroxidase HRP substrate (Vector Laboratories, Burlingame, CA, United States) for 5 min at RT. All samples were counterstained for 5 min with warmed 60 °C Methyl Green (Vector Laboratories, Burlingame, CA, United States). Respective isotypes were also analyzed. Images were obtained on a Leica Aperio ScanScope CS using a 10 × air objective (NA = 0.75, Leica Microsystems, Buffalo Grove, IL, United States) and Aperio ImageScope software. Photomicrographs were obtained from the whole area of the colon or MLN and analyzed through ImageJ. The quantification was done following the ratio of positive cells by the total area, multiplied by 100 and represented in percentage.

Statistical analysis
--------------------

Statistical analysis was performed using Prism 7 (Graph Pad Inc., La Jolla, CA, United States). Experiments were evaluated through multiple student's *t*-test and one-way ANOVA followed by Dunnett post-hoc test. *P* \< 0.05 was considered statistically significant. Data are presented as mean ± SD.

RESULTS
=======

This study demonstrates the progressive aggressiveness of colitis with increasing DSS concentration from 1%-3% based on clinical and histological results. That led us to focus on the evaluation of the proteomic profile and immune cell infiltration in the colon of mice ingesting 3% DSS. We observed worsening of colonic pathology with lymphocytic, macrophage and eosinophilic infiltration that was associated with increasing pro and anti-inflammatory cytokines, chemokines and trophic factors (CCTF) expression in the colon over day 2 to day 8.

Comparison between 1%, 2% and 3% DSS
------------------------------------

Acute DSS chemically induced colitis was evaluated at three dose levels of 1%, 2% and 3% for 7 d in the drinking water of mice and the clinical course was monitored and scored for the presence of bloody stools, watery diarrhea and weight loss for 8 d. In comparison to the control group, all three percentages of DSS in water resulted in progressive and increased clinical scores (Figure [1](#F1){ref-type="fig"}). The 1% DSS group exhibited weight loss starting on day 7, while the 2% DSS group showed variability in decreasing weight starting at day 6 (Figure [1](#F1){ref-type="fig"}). In comparison, mice that ingested 3% DSS showed prominent weight loss from day 5, reaching around -20% by day 8. For all DSS groups, colon lengths significantly decreased (*P \<* 0.05) compared to control mice (Figure [1](#F1){ref-type="fig"}). The mean splenic weights significantly increased (*P \<* 0.05) in mice ingesting 2% and 3% DSS compared to the control group, indicative of a robust systemic immune response (Figure [1](#F1){ref-type="fig"}). Histological scores were significantly higher (*P \<* 0.05) in the 2% and 3% DSS groups, with clear evidence of destruction of crypts, loss of goblet cells, depletion of the epithelial barrier and infiltration of neutrophils and eosinophils at time of euthanasia (day 8) on HE staining (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). While there was no difference in colon weights amongst the groups compared to control mice, colon shortening was apparent in the 3% DSS cohort starting on day 3 (Figure [3](#F3){ref-type="fig"}). Splenic weights were significantly increased at day 6 and day 8, representing a systemic response one day before 3% DSS withdrawal and an increased histological inflammation (Figure [3](#F3){ref-type="fig"}). Overall, mice ingesting 3% DSS had greater clinical scores, weight loss, colon shortening, spleen weights and histological scores that led us to investigate the proteomic and immunological changes over time.

![Comparison between 1%, 2% and 3% dextran sulfate sodium. Experimental colitis was induced by the administration of DSS in drinking water for 7 d at three different concentrations. Were performed daily clinical evaluations for (A) disease activity index and (B) weight loss. At the end of 8 d, animals were euthanized and were collected measurements for (C) colon length, (D) colon weight and (E) spleen weight. Multiple student's t test for clinical scores and one-way ANOVA followed by Dunnett post-hoc test for colon length, colon weight and spleen weight. ^a^*P* \< 0.05 *vs* control. *n* = 6/DSS group. DSS: Dextran sulfate sodium.](WJG-24-4341-g001){#F1}

![Histological comparisons between 1%, 2% and 3% dextran sulfate sodium. At the end of 8 d, the difference between DSS concentration was visible in (A) colonic damage (crypt depletion, inflammation, loss of epithelial barrier) compared to control. (B) Histological scores were similar between 2% and 3% DSS, where at the end of 8 d it is possible to visualize (C) the loss of the Ep and (D) infiltration of eosinophils (E) and lymphocytes (L). One-way ANOVA followed by Dunnet post-hoc test. ^a^*P* \< 0.05 compared to control. *n* = 4/DSS group. DSS: Dextran sulfate sodium; Ep: Epithelial layer.](WJG-24-4341-g002){#F2}

![Colon and spleen in 3% dextran sulfate sodium time course. Experimental colitis was induced by the administration of DSS 3% in drinking water for 7 d. Colon shortening started as early as day 3 (A), with no changes in colon weight (B). Spleen weight was increased on day 6 and day 8 (C), at the same time as histological scores were augmented, demonstrating crypt depletion, loss of goblet cells, loss of the epithelial layer and inflammatory cells' infiltration (D). One-way ANOVA followed by Dunnett post-hoc test. ^a^*P* \< 0.05 compared to control (day 0). *n* = 4/each time point for histology and *n* = 6/each time point for colon and spleen measurements. DSS: Dextran sulfate sodium.](WJG-24-4341-g003){#F3}

Colon proteomics
----------------

Proteomic changes following the introduction of 3% DSS in water were determined based on multiplex ELISA and showed a significant increase (*P \<* 0.05, ANOVA compared to control) in expression of pro-inflammatory cytokines and chemokines: IL-1α, IL-1β, IL-5, IL-6, IL-9, IL-17, eotaxin, granulocyte-colony stimulating factor (G-CSF), interferon γ (IFN-γ), keratinocyte chemoattractant (KC), leukemia inhibitory factor (LIF), lipopolysaccharide-induced CXC chemokine (LIX), monocyte chemoattractant protein 1 (MCP-1), monokine induced by gamma interferon (MIG), macrophage inflammatory protein 1α (MIP-1α), MIP-1β, MIP-2, regulated on activation, normal T cell expressed and secreted (RANTES) and TNFα starting at day 3 (Figure [4](#F4){ref-type="fig"}; Supplementary Figure 1 for raw data). Both pro and anti-inflammatory CCTF were elevated on day 8, when animals were ingesting water. There was a significant (*P \<* 0.05) decrease in detection of IL-2, IL-10, IL-15, macrophage-colony stimulating factor (M-CSF) and vascular endothelial growth factor (VEGF) compared to control while animals were administered DSS 3%. We observed no changes in expression of IL-4, IL-7, IL12p40 and IL12p70 while animals ingested 3% DSS (Figure [4](#F4){ref-type="fig"}; Supplementary Figure 1). These results show that there are progressive inflammatory alterations in the colonic microenvironment that peaks one day after discontinuing DSS.

![Colonic proteomic analysis from 3% dextran sulfate sodium time course. After induction of ulcerative colitis with 3% DSS, colon samples were collected at different time points from day 0 to 8. Proteomics was analyzed through multiplex ELISA assay and revealed four patterns: (pattern A) Progressive decreased expression of IL-2, IL-10 and IL-15 around day 4; (pattern B) Progressive increased expression IL-6, Eotaxin, G-CSF, KC, LIF, MCP-1, MIP-2 and TNFα around day 4; (pattern C) Increased expression of CCTF after stopping 3% DSS (*i.e*., day 8) of IL-1α, IL1β, IL-5, IL-17, IFN-γ, LIX, MIG, MIP-1α MIP-1β, and RANTES; and (pattern D) Little or no change in IL-4, IL-7, IL-9, IL-12(p40), IL-12(p70), M-CSF and VEGF. One-way ANOVA followed by Dunnett post-hoc test. ^a^*P* \< 0.05 fold increases compared to control (day 0). ^b^*P* \< 0.05 fold decreases compared to control (day 0). *n* = 5-6/each time point. DSS: Dextran sulfate sodium; G-CSF: Granulocyte-colony stimulating factor; KC: Keratinocyte chemoattractant; LIF: Leukemia inhibitory factor; MCP-1: Monocyte chemoattractant protein 1; TNFα: Tumor necrosis factor alpha; IFN-γ: Interferon γ; LIX: Lipopolysaccharide-induced CXC chemokine; MIP-1α: Macrophage inflammatory protein 1α; RANTES : Regulated on activation, normal T cell expressed and secreted.](WJG-24-4341-g004){#F4}

Immune cells reaction to 3% DSS
-------------------------------

Immune cells population trafficking into the colon from the spleen and MLN were characterized from mice receiving 3% DSS by flow cytometry and IHC. The presence of macrophages (F4/80^+^) progressively increased (*P \<* 0.05) in the colon from day 2 to day 8, while the spleen and MLN did not show differences when compared to control, besides a small increase in the MLN at day 4 (Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). This observation would suggest that monocyte tropism to the colon probably originated from bone marrow instead of the secondary lymphoid organs. Cytotoxic T cells and Th cells were significantly elevated (*P \<* 0.05) in the colon starting around day 6 and day 8, whereas Treg started to increase on day 4 as a countermeasure to the inflammatory environment in the colon. In comparison, Th cells were decreased only in the spleen from day 4 and forward, while both spleen and MLN demonstrated lower levels of Tcyt cells around day 6 and day 8. Treg were significantly (*P \<* 0.05) decreased in the spleen and MLN starting on day 4 and day 6. B-cells (B220^+^) were significantly (*P \<* 0.05) elevated in the MLN on day 8 after cessation of DSS, otherwise there was no changes compared to the control in the spleen and colon during the experiment. Figure [6](#F6){ref-type="fig"} summarizes the fold changes in immune cell populations compared to day 0 (control) in the colon, spleen and MLN over the course of 8 d in this experiment and depict the trafficking of cells from secondary lymphoid tissues into the colon that resulted in an inflammatory response to 3% DSS. Detailed data on flow cytometry analysis can be found in supplementary figures 2 and 3. Images from HE and/or IHC analysis can be found in supplementary figures 4 and 5.

![Immune cell profile in the colon, spleen and mesenteric lymph nodes of 3% dextran sulfate sodium animals. Tissue samples were collected at different time points and IHC or flow cytometry were performed for temporal analysis of immune cells' profile. Results showed progressive increased presence of colonic (A) F4/80^+^ macrophages, (B) CD8^+^ Tcyt cells, (C) CD4^+^ Th cells and (E) CD25^+^ Treg cells and no change in (D) B220^+^ B cells. There was no difference in splenic (F) F4/80^+^ macrophages and (I) B220^+^ B cells, however, there was a decrease in (G) CD8^+^ Tcyt cells, (H) CD4^+^ Th cells and (J) CD25^+^ Treg cells starting at day 4. MLN analysis resulted in decreased levels of (L) CD8^+^ Tcyt cells and (O) CD25^+^ Treg cells, along with a slight increase of (K) F4/80^+^ macrophages at day 4, (N) B220^+^ B cells at day 8 and no changes in (M) CD4^+^ Th cells. One-way ANOVA followed by Dunnett post-hoc test. ^a^*P* \< 0.05 compared to control (day 0). *n* = 4/each time point analyzed through IHC (All colon samples and MLN F4/80^+^ and CD25^+^). *n* = 6/each time point analyzed through flow cytometry (All spleen samples and MLN CD8^+^, CD4^+^ and B220^+^). MLN: Mesenteric lymph nodes; DSS: Dextran sulfate sodium.](WJG-24-4341-g005){#F5}

![Immune cell population in the spleen, mesenteric lymph nodes and colon of 3% dextran sulfate sodium animals. Tissue samples were collected from 3% DSS animals at different time points and analyzed through either immunohistochemistry or flow cytometry. The heatmap shows a possible movement of different immune cell types from the spleen and MLN into the gut progressively during the 8 d of disease. ^a^*P* \< 0.05 increased fold changes compared to control (day 0). ^b^*P* \< 0.05 decreased fold changes compared to control (day 0). MLN: Mesenteric lymph nodes; DSS: Dextran sulfate sodium.](WJG-24-4341-g006){#F6}

DISCUSSION
==========

DSS is a chemically induced model of colitis characterized by a disruption of the epithelial barrier, resulting in microfloral substances entering the colonic mucosa and activating an innate immune response that produces local inflammatory factors\[[@B24]\]. It closely resembles human UC, which affects over 3.5 million people worldwide\[[@B25],[@B26]\]. The acute tissue damage is characterized by a Th1/Th17 immune cell profile that leads to disease progression\[[@B15]\]. Previous studies have approached the analysis of acute DSS colitis by focusing on individual pathological features of the disease\[[@B9],[@B15],[@B16],[@B19]-[@B21]\]. However, in the current study we demonstrate the temporal changes in clinical symptoms, histological features, immune cell population and proteomic response during the acute phase of DSS colitis.

We observed that the severity of experimental colitis was dependent on DSS concentration, and that clinical changes started as early as day 1, following initial ingestion. Increasing DSS concentration correlated with clinical disease severity, although on gross pathological examination all groups presented the same level of colon shortening. The difference between clinical and pathology suggest a mismatch (*i.e*., clinical disease severity does not correlate with histological scores) in the DSS colitis model. Our data contradicts the previous report\[[@B9]\], in which animals started to improve clinically and histologically after DSS withdrawal. These differences between studies may reflect the influence of the microbiome and/or the animals' age, as previously reported in experimental DSS colitis\[[@B27],[@B28]\]. In addition, it has been reported that UC patients in clinical and endoscopic based remission presenting with active histological inflammation possess a higher risk for clinical relapse\[[@B29],[@B30]\]. In this way, our study may provide an understanding of the pathological and clinical response of severe human UC, with higher chances of relapsing and chronic disease. Since histological improvement could be seen as a new therapeutic approach and predictor of clinical relapse\[[@B31],[@B32]\], the DSS clinical and molecular time course may be useful for evaluating novel therapeutic approaches with the goal of clinical pathological complete remission.

Morphological examination of the colon following 7 d of 3% DSS ingestion revealed that there is colonic shortening starting by day 3 and progressively decreases in size to day 8. In comparison, the weight of the colon does not change during DSS ingestion but splenic weight increases on day 6 and day 8, in agreement to previous studies in which splenic hypertrophy was observed in DSS colitis\[[@B33]-[@B36]\]. The increase in splenic size may represent congestion associated with an apparent proliferation of immune cells by HE staining. 3% DSS induces temporal changes in CCTF during the 8 d that can be segregated into four patterns: (pattern A) Progressive decreased expression of CCTF starting around day 4 (*i.e*., IL-2, IL-10 and IL-15); (pattern B) progressive increased expression of CCTF starting around day 4 (*i.e*., IL-6, Eotaxin, G-CSF, KC, LIF, MCP-1, MIP-2 and TNFα); (pattern C) increased expression of CCTF after stopping 3% DSS (*i.e*., day 8) of IL-1α, IL1β, IL-5, IL-17, IFN-γ, LIX, MIG, MIP-1a MIP-1b, and RANTES; and (pattern D) little or no change in CCTF from controls (*i.e*., IL-4, IL-7, IL-9, IL-12(p40), IL-12(p70), M-CSF and VEGF). The four patterns contain a mixture of pro-inflammatory and anti-inflammatory CCTF as well as chemoattractants associated with the influx of immune cell populations (*i.e*., neutrophils, eosinophils and macrophages) into the inflamed colon associated with loss of the normal epithelial barrier. For patterns A and B, changes in CCTF expression coincided with clinical worsening of colitis.

The decreased expression of IL-2, IL-10, and IL-15 starting on day 4 corresponds to the inflammatory response and progressive colonic damage. Decreased expression of IL-2 was previously seen in mononuclear cells derived from UC patient's gut mucosa\[[@B37],[@B38]\], as well as the disruption of the IL-2 gene in an animal model that exacerbated activation of lymphocytes, resembling auto-immunity\[[@B39],[@B40]\]. In addition, the decreased expression of IL-10 would result in increased mucosal barrier disruption and increased TNFα and reactive oxygen species in the DSS model\[[@B41]\]. In the current study, there was a decrease in IL-15 starting at day 4, which should have attenuated colitis, based on results from DSS administration in the knockout mouse model\[[@B42]\]. It has been reported that the absence of IL-15 provokes a decrease in Foxp3 (Treg) and an increase in RORγt (Th17) by CD4^+^ T cells in the colon\[[@B43]\]. Such effect was not observed in our study, possibly due to a significant increase in IL-17 that may have contributed with other CCTFs to disease worsening.

Starting around day 4 of 3% DSS exposure, a progressive increase in IL-6, Eotaxin, G-CSF, KC, LIF, MCP-1, MIP-2 and TNFα was observed. IL-6 and TNFα interfere with epithelial tight junctions, increasing intestinal barrier permeability allowing for water loss and the para-cellular influx of molecules including the intrusion of pathogens that perpetuates the inflammatory process\[[@B44],[@B45]\]. Elevation in IL-6 levels has an anti-apoptotic effect on lymphocytes, in addition to the increase of adhesion molecules that facilitate their migration to the gut\[[@B46],[@B47]\]. Eotaxin, G-CSF, KC, LIF, MCP-1 and MIP-2 are chemokines associated with the influx of eosinophils, neutrophils and macrophages in the colon in active IBD\[[@B48]-[@B50]\]. Eotaxin is observed in DSS induced eosinophilic inflammation and promotes the recruitment of F4/80^+^CD11b^+^CCR2^+^Ly6C^high^ inflammatory monocytes to the colon that correlates with eosinophilic inflammation\[[@B50]\]. MIP-2 has also been associated with increased inflammatory response in DSS induced colitis with increased myeloperoxidase activity and neutrophils infiltration in the colon and small intestine in a transgenic mouse model\[[@B51]\].

Increased expression of G-CSF, KC, LIF, and MCP-1 in DSS models has been associated with anti-apoptotic, anti-inflammatory phenotype with improvement in clinical scores, regulation of the immune response and morphological changes in the colon. G-CSF has been reported to reduce apoptosis of epithelial cells and along with other cytokines, helps in bacterial clearance through neutrophil recruitment to maintain the mucosal barrier integrity in IBD\[[@B52]-[@B54]\]. Treatment with recombinant G-CSF ameliorated DSS colitis by attenuating weight loss, stool score and shortening of the colon. In addition, inflammation, epithelial damage and cell apoptosis were attenuated in the rectum\[[@B54]\]. DSS acute colitis in KC deficient mice results in the increase of weight loss, bloody stools, inflammation and a moribund appearance, presenting higher histological scores but lower neutrophil infiltration compared to wild type (WT) animals\[[@B55]\]. LIF was found to be elevated in IBD patients\[[@B56]\] and has been shown to act in tissue damage by recruiting inflammatory cells to the injury site\[[@B57],[@B58]\]. However, studies have shown that LIF also has an anti-inflammatory effect, stimulating repair and up-regulating Treg cells\[[@B58],[@B59]\]. In our study, LIF expression increased on day 6 and could be responsible for modulating inflammation in the colon. In UC patients, the level of MCP-1 is directly related to disease activity\[[@B20],[@B60]-[@B66]\]. It has been reported that intraperitoneal administration of MCP-1 significantly inhibited acute DSS colitis with lower clinical scores, increased survival, reduced weight loss, decreased production of IL-12 and IFN-γ associated with less inflammation\[[@B67]\]. MCP-1 may contribute to inflammation and colon shortening in our study, as well as inducing the elevation of pro-inflammatory CCTF by the end of 8 d. Although several CCTF included in Pattern B could be associated with improvements in clinical and pathological outcomes, in the current study, a predominant inflammatory microenvironment with disruption of the epithelium and infiltration of N and E into the lamina propria was observed in the colon.

Following cessation of DSS on day 7 (*i.e*., Pattern C), we detected significant increased expression of IL-1α, IL1β, IL-5, IL-17, IFN-γ, LIX, MIG, MIP-1a MIP-1b, and RANTES in the colon on Day 8. It is unclear how Pattern C relates to the removal of the DSS and the apparent rebound of primarily pro-inflammatory CCTF in the microenvironment. IL-1α and IL-1β can be potent chemoattractants for neutrophils and macrophages into the microenvironment by the induction and propagation of the inflammatory response\[[@B68]\]. IL-1α and IL-1β can induce increases in pro-inflammatory chemokines as well as cell adhesion molecules, activate macrophages, dendritic cells and neutrophils, and support Th17 cells' differentiation\[[@B69],[@B70]\]. IL-5 is characteristic of a Th2 immune response in UC that stimulates eosinophil growth, development, survival and activation, mobilizing them from the bone marrow to the peripheral blood. IL-5 along with Eotaxin serve as chemoattractants of E to the gut\[[@B71]-[@B75]\]. IL17 may also play a dual role in DSS colitis models as it has been reported to stimulate the production of matrix metalloproteinase, increase the expression of other pro-inflammatory factors (*e.g*., IL-6, IL-1β, TNFα, KC, MCP-1, MIP-2, GM-CSF), and to be involved in the proliferation, maturation and chemotaxis of N\[[@B76]-[@B80]\]. In IL-17A deficient mice, the DSS colitis model is associated with improved survival and histological scores with less epithelial damage and immune cell infiltration in the intestine, when compared to WT mice\[[@B13]\]. However, studies have shown IL-17 to stabilize the epithelial barrier and to aggravate colitis when absent in the animal\[[@B76],[@B81],[@B82]\]. In the current study, it is unclear if IL-17 contributes to the inflammatory responses in the colon or improvement in the clinical score at the end of 8 d.

IFN-γ expression was significantly increased at day 8 and is highly expressed by CD8^+^ T cells from IBD patients, when in contact with colonic epithelial cells\[[@B83]\]. IFN-γ stimulates the disruption of the intestinal epithelial barrier and supports the exacerbated immune response in IBD\[[@B44],[@B84]\]. It is also essential for DSS colitis model, since IFN-γ^-/-^ knockout mice do not develop colitis when challenged with DSS\[[@B84]\]. In this study, high levels of Tcyt cells and F4/80 macrophages were found in the colon that may be responsible for the increased levels of IFN-γ and the observed inflammatory response. LIX was found to be elevated in UC patients and contributes to the inflammatory response in DSS colitis. Of note, pre-treatment of mice with antisense oligonucleotides to LIX in the DSS colitis model reduces neutrophils' infiltration and the severity of the disease\[[@B85]\]. MIG can act as a chemoattractant for activated Tcyt cells, E and natural killer (NK) cells, along with having an angiostatic effect on endothelial cells by inhibiting cell division in colitis models\[[@B86],[@B87]\]. MIP1-α and MIP1-β are chemoattractants for T cells into the lamina propria that can lead to mucosal damage and worsening of colitis\[[@B88],[@B89]\]. Finally, RANTES has been shown to be elevated in chronic experimental colitis\[[@B90]\] and in the colonic mucosa of IBD patients, supporting both innate and adaptive immune responses\[[@B61],[@B90]-[@B93]\]. Taken together, Pattern C appears to be associated with a rebound increased expression of inflammatory CCTF that contributed to colon pathology and higher histological scores.

Pattern D includes IL-4, IL-7, IL-9, IL-12(p40), IL-12(p70), M-CSF and VEGF that do not significantly change or were elevated at a random single time point over 8 d. IL-9 was elevated at day 3 coinciding when colon shortening was first detected. T cells expressing IL-9 are found in the intestinal mucosa in experimental colitis and UC patients. IL-9 is responsible for disruption of the intestinal barrier and the impairment of mucosal tissue repair through suppression of epithelial cell proliferation\[[@B94]-[@B96]\], which relates to the mucosal injury during the disease course. M-CSF, which mainly induces M2 macrophage phenotype\[[@B97]-[@B99]\], that was significantly (*P \<* 0.05) decreased at day 6, when the pro-inflammatory CCTFs in Pattern B were increasing, associated with a possible predominance of M1 macrophages. M-CSF has also been proposed as an alternative therapy in treating UC and DSS colitis\[[@B100],[@B101]\]. VEGF was found downregulated at day 4 and is usually found elevated in DSS model, however, it is also associated with lymphangiogenesis, which would aid in the clearance of interstitial fluid and immune cells from the colon\[[@B102]-[@B104]\]. With low VEGF levels, there could be impaired drainage function and lymphatic obstruction\[[@B103],[@B105]\], leading to the accumulation of immune cells in the gut and disease worsening. In summary, the CCTF profiles observed following DSS are consistent of a pro-inflammatory microenvironment. The changes in CCTF over time serve as chemoattractants for neutrophils, eosinophils and macrophages as well as disrupting the integrity of the epithelial barrier and production of mucin. The inflammatory response in the colon leads to a clinical course that includes a malabsorption like syndrome accompanied by weight loss, bloody stools and diarrhea.

Analysis of immune cell populations revealed a progressive accumulation of macrophages and T cells (Th, Tcyt and Treg cells) in the colon compared to controls. It has been previously shown\[[@B16]\] that colonic CD3^+^ T cells and F4/80^+^ macrophages were upregulated in later time points when evaluating acute and chronic DSS colitis, as compared to the current study. In addition, splenic and MLN F4/80^+^ population were highly elevated whereas we did observe little or no change compared to control mice. Another study has reported that intestinal inflammation in UC presents as the initial fast response with increased number of macrophages originating from tissue-resident or infiltrating systemic macrophages in the intestinal mucosa\[[@B106]\]. The early arrival of macrophages in the gut at day 2 contributes to the initiation of inflammation coinciding with increase in pro-inflammatory CCTF and translating into clinical symptoms.

In the current study, T-cell phenotypes in the colon begin to increase 4 d after initiation of 3% DSS, which contributes to the perpetuation of inflammation and the high levels of CCTF seen at day 8. Decreased levels of Th and Tcyt cells were observed in the spleen, and to lesser extent in the MLN, starting at day 6 when compared to controls. Moreover, there were no significant differences in percentage of B220^+^ cells in the colon or lymphoid organs compared to control levels, other than an increase in the MLN at day 8, suggesting the transition to a chronic state. Although T and B cells are not required for the development of DSS colitis\[[@B6]\], in this study T cells appear to contribute to the activation of the inflammatory response in the colon. In addition, Treg cells seem to be leaving the secondary lymphoid organs migrating towards the colon in an attempt to contain the exacerbated immune response.

Conclusion
----------

There have been few reports describing the temporal distribution of immune cells along with proteomic changes in the colon in DSS colitis model\[[@B16],[@B17]\]. In this study we observed that severity of colitis is dependent on DSS concentration, while presenting discrepancies amongst clinical and pathological results. When mice were administered 3% DSS, we observed increased clinical and histological scores that were accompanied by changes in CCTF and immune cell infiltration in the colon, with important participation of the secondary lymphoid organs. One limitation of this study is that DSS colitis was induced in C56Bl/6 mice from a single vendor and it is unclear if the same mouse strain containing a different microbiota may have influenced the temporal clinical, proteomic and pathological changes we observed in the current study. Further investigations are needed to determine the role of the gut flora in the development of colitis and the response to novel therapeutic interventions that could translate to clinical trials. Furthermore, acknowledging the time frame where these factors play a role in developing novel therapies for treating ulcerative colitis.

ARTICLE HIGHLIGHTS
==================

Research background
-------------------

Ulcerative colitis (UC) is an inflammatory bowel disease that affects the colon and the rectum, being characterized by uncontrolled immune response and inflammation. There is no specific cause for this disease and no current treatment that provides sustained remission. The animal model of colitis induced by dextran sulfate sodium (DSS) is largely used as a tool to better investigate human UC. Although not completely understood, DSS induces an uncontrolled immune response through disruption of the epithelial layer, providing a higher access of antigens to the colonic mucosa, this way perpetuating inflammation and tissue destruction.

Research motivation
-------------------

There is no current study providing a detailed integrative temporal analysis of DSS-induced acute colitis regarding clinical symptoms, proteomics, immune cell profile and histology. Understanding the interaction of these factors may contribute to the research of novel UC therapies.

Research objectives
-------------------

The aim of this study was to compare different concentrations of DSS in the induction of acute colitis, followed by a temporal analysis of clinical symptoms, colon proteomics, immune cell profile and histology of the most characteristic presentation of colitis amongst the different DSS concentrations. The changes seen throughout the 8 d may provide a clearer understanding of the DSS model mechanisms.

Research methods
----------------

1%, 2% and 3% DSS in drinking water was used for the induction of acute colitis. Clinical symptoms were daily scored for weight loss, stool consistency and blood in the stool. After 8 d, colon, spleen and mesenteric lymph nodes (MLN) were collected. Histological scores were evaluated through HE staining and grading of colonic samples for inflammation, extent, regeneration, crypt damage and percent of involvement. Colon proteomics was analyzed through multiplex ELISA for 3% DSS at different time points, in addition to immune cell profiling of the colon, spleen and MLN through immunohistochemistry and flow cytometry for B220^+^, CD4^+^, CD8^+^, CD25^+^ and F4/80^+^ cells.

Research results
----------------

Severity of colitis is related to the increase in DSS concentration. When analyzing 3% DSS-induced colitis, worsening of histological inflammation agrees with an increase of immune cells' influx to the colon and changes in the pro- and anti-inflammatory cytokines colonic profile. Macrophages are the first ones to respond to the damage caused by DSS, followed by changes in the colonic cytokine profile and influx of CD25^+^ T cells. Next, there is an increase in colonic CD4^+^ and CD8^+^ T cells and the highest level of pro-inflammatory cytokines is seen at day 8. Levels of T cells are progressively decreased in the spleen and MLN, while worsening of clinical symptoms corresponds with the progressive increase in histological inflammation, with exception of day 8.

Research conclusions
--------------------

Our study demonstrates the correlated temporal changes of clinical, proteomic, immunological and histological characteristics of DSS-induced acute colitis. There is an important initial response by the innate immune system, mainly coordinated by macrophages, followed by increasing inflammation, further tissue damage and influx of T cells. T cells may be leaving the secondary lymphoid organs progressively towards the gut, as a response to the changes in colonic cytokine levels. There is a mixed response of pro- and anti-inflammatory cytokines in the colon, with the highest increase occurring after DSS withdrawal. Interestingly, amelioration of clinical symptoms is seen on day 8, demonstrating a mismatch to the histological/immunological/proteomic worsening of the disease. Since histological inflammation is seen in UC patients with endoscopic and clinical remission, this model could be used as a tool for the development of novel therapies targeting complete remission and prevention of disease relapse.

Research perspectives
---------------------

Our study demonstrates that no individual factor develops this disease model, but rather a coordination between anti- and pro-inflammatory cytokines. Therefore, researchers should seriously consider a temporal analysis before investigating new therapies. The disease course here described would be highly recommended for the study of novel treatments aiming resolution of histological inflammation during disease remission. Further temporal analysis of DSS-induced chronic colitis would add to a better understanding of this animal model.
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